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ABSTRACT: Understanding the temperature dependence of the optical properties 
of thin metal films is critical for designing practical devices for high temperature 
applications in a variety of research areas, including plasmonics and near-field 
radiative heat transfer. Even though the optical properties of bulk metals at 
elevated temperatures have been studied, the temperature-dependent data for 
thin metal films, with thicknesses ranging from few tens to few hundreds of 
nanometers, is largely missing. In this work we report on the optical constants of 
single- and polycrystalline gold thin films at elevated temperatures in the 
wavelength range from 370 to 2000 nm. Our results show that while the real part 
of the dielectric function changes marginally with increasing temperature, the 
imaginary part changes drastically. For 200-nm-thick single- and polycrystalline 
gold films the imaginary part of the dielectric function at 500 0C becomes nearly 
twice larger than that at room temperature. In contrast, in thinner films (50-nm 
and 30-nm) the imaginary part can show either increasing or decreasing behavior 
within the same temperature range and eventually at 500 0C it becomes nearly 3-4 
times larger than that at room temperature. The increase in the imaginary part at 
elevated temperatures significantly reduces the surface plasmon polariton 
propagation length and the quality factor of the localized surface plasmon 
resonance for a spherical particle. We provide experiment-fitted models to 
describe the temperature-dependent gold dielectric function as a sum of one 
Drude and two critical point oscillators. These causal analytical models could 
enable accurate multiphysics modelling of gold-based nanophotonic and plasmonic 
elements in both frequency and time domains. 
KEYWORDS: nanophotonics, plasmonics, metamaterials, metal optics, high 
temperatures, gold thin films, analytical models 
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Nanometer-scale field localization is at the heart of metal-based nanophotonics, 
namely plasmonics1-4  . In plasmonic nanostructures, strong field confinement  - or 
so-called ‘hot spots’ - arise due to the excitation of subwavelength oscillations of 
free electrons coupled to the incident electromagnetic field at the metal-dielectric 
interface, known as surface plasmons5. Such nanoscale hot spots lead to high 
energy densities that inevitably increase the local temperature of the plasmonic 
material under study. Recently, there has been a growing interest in plasmonics-
based local heating applications such as heat-assisted magnetic recording, 
thermophotovoltaics, and photothermal therapy6,7.  However, theoretical 
modeling of plasmonic structures in such local-heating based systems has so far 
been performed using room-temperature optical constants, i.e. with thermal 
analysis and optical material properties being decoupled. Therefore, probing the 
temperature dependence of the optical properties of thin metal films is critical for 
both gaining an insight into the physical process associated with elevated 
temperatures and for accurate modeling of devices for high-temperature 
applications. Incorporating temperature dependence into causal experiment-fitted 
material models would be crucial for time-domain numerical studies of plasmonic 
elements8, such as for spasers9, plasmonic nanolasers10,11 and plasmon-assisted 
photocatalysis12,13 . 
The optical properties of bulk metals at elevated temperatures have been studied 
previously14,15. However, as pointed out by Sundari et al16 these studies only report 
on the imaginary part of the dielectric constant. More recently, there have been 
reports on the temperature dependent optical constants of 200-nm-thick silver 
films16-18 as well as the temperature changes in the surface plasmon resonance of 
gold nanoparticles embedded in silica at elevated temperatures19. At low 
temperatures, optical properties of ultrathin Au films in the mid- and far-infrared 
regions20 and the optical response of gold nanorods and plasmonic crystals21 have 
also been studied. However, a comprehensive study of the optical properties of 
gold thin films with varying thicknesses over a wide wavelength range at elevated 
temperatures has not been conducted. Here we report on the temperature 
dependence of the optical properties of gold thin films of different thicknesses and 
different crystallinities. Specifically, we measured the optical constants of 200-nm, 
50-nm and 30-nm-thick polycrystalline (PC) and 200-nm-thick single crystalline (SC) 
samples in the wavelength range from 370 to 2000 nm (sample preparation details 
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are available in the Methods section). The 200-nm (both PC and SC) and 50-nm-
thick films were probed at temperatures up to 500 0C and the 30-nm-thick films 
were heated to temperatures up to 450 0C. The surface morphology of the 30-nm-
thick samples was significantly damaged when heated to 450 0C. Hence they were 
not probed till 500 0C. Further, the 200-nm-thick samples were subjected to 
multiple heating cycles and the changes in their optical properties over repeated 
heating were monitored. The temperature dependent measurements were 
enabled by integrating a heating stage into our Variable Angle Spectroscopic 
Ellipsometer (VASE) setup.  
EXPERIMENTAL SETUP AND MODELING APPROACH 
A heating stage (Linkam Scientific Model TS1500) was mounted onto our VASE 
setup in order to probe the optical properties of the samples at high temperatures. 
The stage had the capability of heating the sample to temperatures up to 1500 0C 
and a rated temperature stability of ± 2 0C. In order to prevent rapid thermal 
expansion, the samples were heated and cooled down at a rate of 3 0C/min. At 
temperatures above 450 0C the noise due to background thermal emission 
saturates the detector. In order to reduce the background thermal emission from 
reaching the VASE detector a pinhole was introduced into the beam path, similar 
to that used in an earlier paper22 (see supporting information for a more detailed 
discussion on the experimental set up). This enabled accurate measurements for 
temperatures over 450 0C. 
The VASE data were then fitted with a Drude and two Critical Point (DCP)23,24 model, 
using the commercial software WVASE32, to extract the real ( ) and imaginary (
2 ) parts of the complex dielectric function ( (ˆ ) i  ). We use the following 
form of the DCP model (Eqn (1.1)). 
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where , pu and D  are the background dielectric constant, plasma frequency and 
Drude broadening, respectively. Furthermore, jC , j , j and j  are the oscillator 
strength, oscillator energy, oscillator damping and oscillator phase, respectively.  
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In general, any dielectric function in the frequency domain could be approximated 
using an [m/n] Pade approximant of an argument i 25  
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 (1.2) 
with ,p q . By using the fundamental theorem of algebra, we may split (1.2) into 
a constant, a detached zero-pole, and a number ( 1j ) of [0/1]-order terms, along 
with a number ( 2j ) of [1/2]-order terms (where the case of multiple poles is 
omitted) 
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here 0  is the electric permittivity of vacuum, 1 1 2
{ | 1 }I I j j  and 
2 2 1 1 2{ | 1 }I I j j j j  are non-overlapping ranges of indices. While initially 
 can be interpreted as the high-frequency approximant and  as a conductivity 
term, it can be shown that the universal approximation in frequency and time 
domains can be achieved with expression (1.3) and its time-domain analog in 
particular represents any set of the classical Debye, Drude, Lorentz, Sellmeier, and 
critical points terms25. 
Although any arbitrary (ˆ )  can be described using several additional oscillators 
they do not provide any physical insight. On the other hand, a DCP model describes 
the (ˆ )  with a minimal number of free parameters; it is causal
23 and is broadly used 
for modeling gold plasmonic elements in time-domain26,8. We therefore used a DCP 
model instead of a Lorentz oscillator model for fitting our experimental data.  
While fitting the VASE data, the oscillator phases were kept fixed at / 4  and all 
other terms were supplied as fits. The fits for the 200-nm-thick films were obtained 
by treating the Au film as a semi-infinite layer. For the 50-nm and 30-nm-thick films 
a two layer model consisting of optical constants of glass and DCP model was used 
to extract the optical constants. Unlike the thicker films, whose optical constants 
are independent of the thickness parameter, the extracted optical constants of thin 
films are highly sensitive to the supplied thickness parameter while fitting the VASE 
data.  During deposition, the thicknesses of the PC films were monitored using a 
crystal oscillator. However, given the sensitivity of the optical constants on the 
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thickness parameter, the precise value of the thickness was needed in order to 
extract the accurate values of the optical constants. Therefore, we verified the 
thicknesses using SEM cross-sectional imaging and found them to be consistent 
with those measured using the crystal oscillator. For thinner films, in addition to 
the oscillator phases we keep the thickness fixed at 50 nm and 30 nm thick 
respectively while the other terms in the model were supplied as fit parameters. 
The Mean Square Error’s (MSE) for all the measurements were less than 2 
indicating that the fits were good (the temperature dependent DCP models are 
shown in Tables S1-S7 in the supporting information).  
EXPERIMENTAL RESULTS AND DISCUSSION 
The experimentally obtained complex dielectric permittivity of the 200-nm thick PC 
film as a function of wavelength from room temperature to 500 0C for three heating 
cycles are shown in Figure 1.  The imaginary part of the dielectric function 2  (Figure 
1b,d,f) increases monotonically with increasing temperature for all heating cycles. 
However, for the first cycle the increase in 2  (Figure 1b) is not uniform which is 
due to the annealing effects and grain movements that occur at high 
temperatures27. The increase in 2  is more uniform for the subsequent cycles 
(Figure 1d,f). At longer wavelengths ( 900nm  ), where the inter-band transitions 
are insignificant, the imaginary part at 500 0C becomes nearly twice as large as it is 
at room temperature. This behavior in 2  can be understood by noting that the 
scattering rates of the free electrons increase with increasing temperature due to 
an increase in the electron-phonon and electron-electron interactions. The 
increased scattering rate in turn makes the Drude broadening D  larger. As a result 
2 , which is proportional to D  at longer wavelengths ( 2
p D ), increases with 
increasing temperature. 
Unlike the imaginary part, the real part of the dielectric permittivity  (Figure 
1a,c,e) changes only marginally with increasing temperature and the trend in  is 
noticeable at longer wavelengths (insets of Figure 1a,c,e). Initially, as the 
temperature is increased up to 200 0C, the real part becomes larger in magnitude. 
As the temperature is raised further, the real part becomes smaller in magnitude 
making the film less plasmonic. This behavior is due to two counteracting 
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mechanisms, namely decreasing both the carrier density and electron effective 
mass, which will be discussed later in the paper.  Figure S2a,b shows the room 
temperature data after each heating cycle. The first cycle improves the film quality 
by reducing both  and 2 . But the subsequent cycles lead to the degradation of 
the sample properties. This is reflected in the increase in 2  as shown in Figure S2b. 
Figure 2 shows results on the 200-nm-thick SC film. The imaginary part of the 
dielectric permittivity 2  increases monotonically with the increasing temperature. 
At longer wavelengths ( 900nm  ), similar to the thick PC film, we observed a nearly 
two fold increase in the imaginary part upon heating the sample to 500 0C. This 
trend can be attributed to the increased scattering rate picture as described above. 
Similar to the PC films  only changes marginally with temperature but it becomes 
slightly larger in magnitude with the increasing temperature (unlike the PC films 
where  reduces and increases depending on the temperature range). Figure 
S2c,d shows the room temperature data of the 200-nm-thick SC film after multiple 
heating cooling cycles. The imaginary part (Figure S2d) increases after each cycle, 
reducing the film quality. 
Subsequently, we measured the dielectric function of 50-nm-thick film at elevated 
temperatures. In thinner films, increased surface scattering becomes a dominant 
contributor to losses. As a result, thinner films have significantly higher losses and 
hence larger 2  than the thicker films.  At elevated temperatures, a fundamentally 
different behavior in the optical constants is observed as shown in Figure 3. In 
particular, the imaginary part can increase and decrease with increasing 
temperature (shown in Figure S3a at a wavelength of 1900 nm) unlike for the 
thicker films where it shows monotonic behavior. Based on the imaginary part 
behavior, the temperature range is divided into three regions room temperature-
200 0C (Figure 3a,d), 200 0C-350 0C (Figure 3b,e) and from 350 0C-500 0C (Figure 
3c,f). For the sake of clarity only the data from 1800 nm - 2000 nm is shown in these 
plots. The DCP terms for these films are shown in Table S6, which can be used to 
extract the optical constants in the whole spectral range from 370 nm- 2000 nm. 
Initially, as the temperature is increased from room temperature to 200 0C 2  
increases as plotted in Figure 3d. But when the temperature is increased from 200 
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0C to 350 0C 2  reduces unlike for the thicker films. For temperatures over 350 
0C 
2  increases again and the samples become extremely lossy (Figure 3f).  
The reason for this behavior is as follows: as the temperature is increased from 
room temperature to 200 0C the scattering rates increase primarily due to an 
increase in the number of phonons. When the temperature is increased further up 
to 350 0C, the grain boundaries start to move and the grains merge together 
forming larger ones, which increases the mean free path and hence reduces the 2
27. When the temperature is increased over 350 0C the imaginary part again 
increases and the losses in the samples become extremely large. Note that the y-
axis scale in Figure 3f is much larger than that in Figure 3d and Figure 3e. The room 
temperature measurements performed on the same sample after heat treatment 
revealed that the optical properties degraded significantly and permanently. This 
is reflected in the substantial increase in imaginary part as shown in Figure 4a,b.  
A similar trend is observed for the 30-nm-thick film. The results at longer 
wavelengths (1800 nm-2000 nm) are plotted in Figure 5 and also show higher losses 
compared to the thicker samples (DCP terms for the 30 nm thick film are in Table 
S7). However, the temperature ranges over which we observe an increase and 
decrease in 2  are different in comparison with the 50-nm-thick film. Based on this 
trend we divided the experimental temperature range into three regions: room 
temperature-200 0C (Figure 5a,d), 200 0C-250 0C (Figure 5b,e) and 250 0C-450 0C 
(Figure 5c,f).  As the temperature is raised from room temperature to 200 0C 2  
increases as shown in Figure 5d. However, when the temperature is increased to 
250 0C, 2 reduces sharply (Figure 5e) and remains nearly the same at 300 
0C (in 
case of 50-nm-thick film 2  continues to reduce until 350 
0C). Increasing the 
temperature further increases 2   making it extremely large and at 450 
0C it 
increases by nearly a factor of four compared to the room temperature data (Figure 
5f). Figure S3b shows this behavior in 2  at a wavelength of 1900 nm. Similar to the 
above, this is due to the two counteracting mechanisms of increasing electron-
phonon interactions and the grain boundary movements, which increase the mean 
free path. Figure 4c and 4d show the room temperature optical constants of the 
30-nm-thick sample both before and after the heat treatment. A substantial 
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increase in 2  is seen after the heat treatment revealing that the optical properties 
have degraded similar to that seen in 50-nm-thick film.  
The AFM images (Figures S4 &S5) of thin films before and after heating revealed 
that the surface roughness of the films increased after the heat treatment. The 
increased roughness increases the surface scattering, thus leading to the observed 
increase in the imaginary part. Further, the optical images of these films (Figure S6) 
showed that several cracks were formed in the film after the heat treatment. 
Despite these cracks, we fit the obtained VASE data assuming the films to be 
continuous.  Good fits were obtained with a MSE <1.5 (Tables S6 & S7) suggesting 
that the assumption made on film continuity is reasonable. Although thin film 
fitting is accurate at these high temperatures, it should be noted that the film 
morphology starts changing. Consequently, modeling of the films at even higher 
temperatures requires further modification28, 29. 
Using the temperature-dependent optical constants we have estimated the 
performance of gold-based plasmonic systems at elevated temperatures. 
Specifically, we have estimated the propagation lengths of surface plasmon 
polaritons (SPP) at the air-gold interface5, and the quality factor of localized surface 
plasmon resonance ( LSPRQ ). The SPP propagation length is defined as the distance 
over which the intensity of the SPP decays by a factor of e, and LSPRQ is defined as 
the ratio of enhanced local field to the incident field30. For a spherical particle in 
the quasistatic regime, it can be shown that LSPRQ





 30-32. The computed results 
of SPP propagation lengths and LSPRQ  for a spherical particle obtained using the 
data from 200-nm-thick films are shown in Figure S7. At 500 0C a significant 
reduction in the both the propagation lengths and the LSPRQ  by over 47% and 40% 
is observed in PC and SC films, respectively. Thus, SC films show more thermal 
stability compared to the PC films. For thinner films, we see an even stronger 
reduction in the propagation lengths and LSPRQ  by ~ 50% and 70% in 50-nm and 
30-nm-thick samples, respectively.  Table 1 shows the propagation lengths of SPPs 
and LSPRQ  of the 200-nm-thick PC and SC films at 820 nm wavelength. Table 2 
shows the same for thinner films at the same wavelength. Note that the 
propagation lengths and LSPRQ  at room temperature in the thinner films are 
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significantly smaller than that in thicker samples and the observed relative change 
is also larger.   
 
THEORY 
In this section we compare the experimental results fitted using the DCP model 
with the theoretical predictions. At longer wavelengths, where the inter-band 
transitions become insignificant, the observed temperature dependencies in the 
optical constants are due to the two Drude terms: Plasma frequency p  and the 
Drude damping D . The temperature dependencies of these two terms are 
primarily due to the following factors: 1) the decrease in the carrier density due to 
volume expansion, 2) the decrease of the effective mass of the free electrons in the 
metal and 3) the increase in the electron-phonon interaction with increasing 
temperature. The plasma frequency p  is dependent on the carrier density (N ) and 
the effective mass ( *m ) of the electrons according to the relation: 
  
 
2
2
*
0
p
Ne
m
 . (1.4) 
The carrier density N  reduces with increase in temperature due to volume thermal 
expansion according to 
 0
01 ( )
N
N
T T
 , (1.5) 
where  is the volume thermal expansion coefficient. On the other hand the 
effective mass *m  in metals has been reported to decrease with increasing 
temperature33. The decrease in *m  increases the plasma frequency whereas the 
decrease in N  counteracts it. The interplay between these two mechanisms 
dictates the observed behavior in the plasma frequency. The temperature 
dependence of p  for 200-nm-thick PC (SC) film is shown in Figure 6a (S8a). The 
error bars in the plots show the 90% confidence limits obtained from the fits. Based 
on these experimental findings we conclude that the decrease in *m (increase in the 
plasma frequency) is the dominant mechanism compared to the change in N  for 
temperatures below 200 0C and for even higher temperature the decrease in N
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(reducing the plasma frequency) is the dominant mechanism. A similar increase in 
the plasma frequency up to 200 0C is observed in the thinner films (Table S6 and 
Table S7). On the other hand, for the 200-nm-thick SC film the plasma frequency 
monotonically increases indicating that the reducing effective mass is the dominant 
mechanism throughout the measured temperature range (Figure S8a). A similar 
increase in the plasma frequency was reported in silver films17.   
The Drude damping term 
D
D
, where  is the reduced Planck constant and D  
is the electron relaxation time, depends on the electron-electron ( ee  ) and electron-
phonon ( e ) scattering mechanisms: 
 D ee e  , (1.6) 
or 
 1 1 1
D ee e
 . (1.7) 
Where 1
ee
 and 1
e
 are given by34-39 
                                                           
2
3 21 1 1 ( )
12 2Bee F
K T
E
 ,                                 (1.8) 
 
5 4
0
1 1 2
4
5 1
T
z
e o
T z
dz
e
 . (1.9) 
 
Here , , FE ,  and o  are the average scattering probability over the Fermi 
surface, the fractional Umklapp Scattering, the Fermi energy of free electrons, the 
Debye temperature and a material dependent constant, respectively.  
The Debye temperature for gold is 170 K. So 
T
, the upper limit of the integral in Eqn 
(1.7), is 1  for the whole temperature range studied in this work. Hence the 
exponential in the denominator of the integrand can be approximated using the 
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Taylor’s series as 1ze z . This reduces the expression of electron-phonon 
scattering to 
                                                             
0
1 1 2
5e
T .                                                (1.10) 
Although the electron-electron scattering has a quadratic dependence on the 
temperature, its contribution due to the temperature dependent term is weak 
compared to the frequency dependent term for the optical frequencies. However, 
a frequency independent D  (hence a frequency independent scattering rate) is 
widely used in modelling the optical constants of metal films. We therefore treat 
the contribution due to electron-electron scattering as independent of both 
temperature and frequency and obtain good fits for the Drude broadening. These 
results for the 200-nm-thick PC (SC) film are shown in Figure 6b (S8b). Qualitatively, 
these temperature dependences of the plasma frequency and the Drude 
broadening can be understood from the Drude equation 
 
2
2
( )
(ˆ , )
( )
p
D
T
T
i T
 . (1.11) 
By differentiating the real and imaginary parts of the dielectric function with 
respect to temperature in Eqn (1.11) (and assuming no temperature dependence 
of   ) we get 
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  (1.12) 
and 
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  (1.13) 
As D   , 0D  and Eqns (1.12) and (1.13) can be approximated as 
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  (1.15) 
Therefore, the temperature dependence of plasma frequency is proportional to the 
negative of the temperature derivative of 1 , while that of D  is proportional to 
the temperature derivative of 2  . Comparing the observed temperature 
dependence in 
p  and D  (shown in Figure 6 for the 200-nm-thick PC films) with the 
plots shown in Figure 1 (e and f) indeed confirms these relations.  
The oscillator strengths and the oscillator damping coefficients increase 
monotonically with increasing temperatures. These temperature dependencies can 
be described using Bose–Einstein phenomenological models. For oscillator 
strengths, we use the following form to describe its temperature dependence40,41:  
 
0( ) coth 2
C T C
T
  (1.16) 
Where 0C  and  are the material dependent parameters and are supplied as fit 
parameters. We use the same form of the empirical expression to describe the gold 
oscillator strengths.  
Similar to the oscillator strengths, the oscillator damping can be described using 
the phenomenological model42: 
 
0 1( ) coth 2
T
T
  (1.17) 
Here  and  are supplied as the fit parameters. Good fits for the experimental 
data were obtained using these phenomenological models for the oscillator 
strengths and oscillator dampings. The results for 200 nm thick PC film using these 
models are shown in Figure 7a-d. 
For the case of oscillator energies, one of the oscillator energies decrease with 
increasing temperature while the other one increases with increasing temperature. 
A similar trend in the oscillator energies in gold has been reported in an earlier 
paper14,43. Figures 7e, 7f show these results for the 200 nm thick PC film. 
CONCLUSIONS 
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To conclude, we have measured the optical properties of thin gold films at elevated 
temperatures and provided analytical models to describe the temperature-
dependent dielectric function. Our findings show that the imaginary part of the 
dielectric function changes significantly with the increasing temperature, while the 
real part remains almost intact. The observed increase in the imaginary part (by 
nearly 3-4 times in thinner films and 2 times in thicker samples) significantly 
reduces the propagation length of the surface plasmon polaritons at the gold-air 
interface and the quality factor of the localized surface plasmon resonances in 
spherical particles. For thin gold films we observed both a decrease and increase of 
the imaginary part depending on the temperature range. Furthermore, the thin 
gold films were permanently damaged when the temperature was increased to 500 
0C. We utilized experiment-fitted models to describe the temperature-dependent 
gold dielectric function as a sum of one Drude and two Critical Point terms 
(parameters shown in Tables S1-S7). Our experimental results indicate that 
temperature-dependent deviations in the gold optical constants are quite 
significant. This is an important finding for local-heat assisted applications such as 
nanolasers and spasers, plasmonic sensors, photothermal therapy with 
nanoparticles, photocatalysis and heat-assisted magnetic recording. Henceforth, 
the causal analytical models developed in this work shall be of critical assistance 
for accurate multiphysics modelling of gold-based high temperature nanophotonic 
and plasmonic devices operating in steady-state or dynamic regimes.  
METHODS 
Sample preparation 
Polycrystalline samples with various thicknesses were deposited on a 1-mm thick 
glass substrate using an electron beam evaporator (CHA Industries Model 600) at 
room temperature. The pressure during the deposition process was of the order of 
6~ 1 10  torr. No adhesion layer was used during the deposition. The 200-nm-thick 
SC films were purchased from Phasis Sarl. These samples were deposited on Mica 
at 400 0C in order to obtain the crystalline phase. 
Experimental setup 
Details of the experimental setup are provided in the supporting information 
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Figure 1: Optical constants of 200 nm thick PC films. (a) and (b) show the real and 
imaginary parts of the dielectric function, respectively for the first cycle. Likewise 
(c), (d) and (e), (f) are those of second and third cycle. Different colors represent 
the dielectric functions at different temperatures (legend in (a) shows the color 
coding). The imaginary part increases monotonically with increasing temperature 
whereas the real part decreases with increasing temperature up to 200 0C and 
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increases when the temperature is increased further. The same trend is observed 
for all three cycles. Insets show the real and imaginary parts for a selected 
wavelength range. 
 
 
Figure 2: Optical constants of 200 nm thick SC films. (a) and (b) show the real and 
imaginary parts of the dielectric function, respectively for the first cycle. Likewise 
(c), (d) are those of the second cycle. Different colors represent the dielectric 
functions at different temperatures (legend in (a) shows the color coding). Similar 
to the PC films the imaginary part increases monotonically with increasing 
temperature whereas the real part decreases with increasing temperature and 
saturates at 500 0C. The same trend is observed for both cycles. Insets show the 
real and imaginary parts for a selected wavelength range. 
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Figure 3: Optical constants of 50 nm thick poly crystalline films. (a), (b) and (c) show 
the real part and (d), (e) and (f) show the imaginary part of the dielectric function 
for different temperature regions. Different colors correspond to dielectric 
functions at different temperatures (shown in the legend of each figure). As the 
temperature is increased from room temperature the imaginary part (d) increases 
up to 200 0C. But for the temperature range from 200 0C- 350 0C the imaginary part 
(e) reduces, unlike the thicker films. Increasing the temperature further increases 
the imaginary part drastically reducing the film quality significantly as shown in (f). 
The real part also displays increasing and deceasing behavior with temperature, 
depending on the temperature range.  
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Figure 4: Room temperature measurements on the 50 nm and 30 nm thick gold 
film. The black and red curves represent the room temperature dielectric function 
on the same sample before and after heating, respectively. Both the real part (a,c) 
and the imaginary part (b,d) increase after heating the sample.  
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Figure 5: Optical constants of 30 nm thick poly crystalline films. (a), (b) and (c) show 
the real part and (d), (e) and (f) show the imaginary part of the dielectric function 
for different temperature regions. Different colors correspond to dielectric 
functions at different temperatures (shown in the legend of each figure). Initially, 
the imaginary part (d) increases as the temperature is increased from room 
temperature to 200 0C. Similar to the 50 nm thick samples, the imaginary part (e) 
reduces when the temperature is increased to 250 0C. When the temperature is 
increased over 300 0C the imaginary part (f) increases and becomes extremely 
large. The real part also displays increasing and decreasing behavior with 
temperature, depending on the temperature range. 
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Figure 6: Plasma frequency (a) and Drude broadening (b) of 200 nm PC films. 
Depending on the temperature range the plasma frequency either increases or 
decreases. On the other hand, the Drude broadening increases monotonically with 
increasing in temperature. The red curve is the fit obtained using Eqn (1.10). 
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Figure 7: Oscillator strengths (a,b), Oscillator dampings (c,d) and Oscillator energies 
(e,f) of 200 nm PC films. The red curve shows the fit obtained using the empirical 
expressions discussed in the Theory section. 
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Table 1 
 SPP Prop 
Length 
at 23 0C 
SPP Prop 
Length 
at 500 0C 
% 
change 
in Prop 
Length 
LSPRQ     
(-Ɛ1/Ɛ2) 
at 23 0C 
LSPRQ       
(-Ɛ1/Ɛ2) 
at 500 0C 
% change 
in QLSPR 
200 nm PC Au 72.94 μm 38.41  μm 47.3 % 22.93 11.93 48% 
200 nm SC Au 74.86 μm 44.66  μm 40.3 % 21.35 12.37 42.1 % 
Table 1: Comparison of SPP propagation lengths and LSPRQ  at Room temperature 
and 500 0C for 200 nm thick films.   
 
Table 2 
 SPP Prop 
Length 
at 23 0C 
SPP Prop 
Length 
at 450 0C 
% 
change 
in Prop 
Length 
LSPRQ     
(-Ɛ1/Ɛ2) 
at 23 0C 
LSPRQ       
(-Ɛ1/Ɛ2) 
at 450 0C 
% change 
in QLSPR 
50 nm PC Au 43.08 μm 25.11 μm 
#(21.58 μm) 
41.7% 
#(49.91%) 
13.34 
 
7.48 
#(6.47) 
44% 
#(49.5%) 
30 nm PC Au 40.49 μm 11.35 μm 72 % 13.05 3.50 73.2% 
Table 1: Comparison of SPP propagation lengths and LSPRQ  at Room temperature 
and 450 0C for 50 nm and 30 nm thick films (# represents computed values of 
propagation lengths and LSPRQ  at 500 
0C).  
 
 
 
23 
 
REFERENCES 
 (1) Ozbay, E. Plasmonics: Merging photonics and electronics at nanoscale dimensions. Science 2006, 
311, 189-193. 
(2) Schuller, J. A.; Barnard, E. S.; Cai, W. S.; Jun, Y. C.; White, J. S.; Brongersma, M. L. Plasmonics for 
extreme light concentration and manipulation (vol 9, pg 193, 2010). Nat. Mater. 2010, 9. 
(3) Brongersma, M. L.; Shalaev, V. M. APPLIED PHYSICS The Case for Plasmonics. Science 2010, 328, 440-
441. 
(4) Maier, S. A.; Atwater, H. A. Plasmonics: Localization and guiding of electromagnetic energy in 
metal/dielectric structures. J. Appl. Phys. 2005, 98. 
(5) Maier, S. A. Plasmonics : fundamentals and applications. 1st ed.; Springer: New York, 2007; p xxiv, 
223 p. 
(6) Guler, U.; Shalaev, V. M.; Boltasseva, A. Nanoparticle plasmonics: going practical with transition 
metal nitrides. Mater. Today 2015, 18, 227-237. 
(7) Guler, U.; Boltasseva, A.; Shalaev, V. M. Refractory Plasmonics. Science 2014, 344, 263-264. 
(8) Prokopeva, L. J.; Borneman, J. D.; Kildishev, A. V. Optical Dispersion Models for Time-Domain 
Modeling of Metal-Dielectric Nanostructures. Ieee T. Magn. 2011, 47, 1150-1153. 
(9) Galanzha, E. I. W., R.; Nedosekin, D. A.; Sarimollaoglu, M.; Kuchyanov, A. S.; Parkhomenko, R. G.; 
Plekhanov, A. I.; Stockman, M. I.; Zharov, V. P.; . Spaser as Novel Versatile Biomedical Tool. 
arXiv:1501.00342 2015. 
(10) Fedorov, I. A.; Parfenyev, V. M.; Vergeles, S. S.; Tartakovsky, G. T.; Sarychev, A. K. Allowable Number 
of Plasmons in Nanoparticle. Jetp Lett+ 2014, 100, 530-534. 
(11) Gu, Q.; Smalley, J. S. T.; Shane, J.; Bondarenko, O.; Fainman, Y. Temperature effects in metal-clad 
semiconductor nanolasers. Nanophotonics-Berlin 2015, 4, 26-43. 
(12) Aruda, K. O.; Tagliazucchi, M.; Sweeney, C. M.; Hannah, D. C.; Weiss, E. A. The role of interfacial 
charge transfer-type interactions in the decay of plasmon excitations in metal nanoparticles. Phys. Chem 
Chem. Phys. 2013, 15, 7441-7449. 
(13) Naldoni, A. R., F.; Guler, U.; Boltasseva, A.; Shalaev, V. M.; Kildishev, A. A. Solar-Powered Plasmon-
Enhanced Heterogeneous Catalysis. In Print. 2016. 
(14) Winsemius, P.; Vankampen, F. F.; Lengkeek, H. P.; Vanwent, C. G. Temperature-Dependence of 
Optical-Properties of Au, Ag and Cu. J. Phys. F. Met. Phys. 1976, 6, 1583-1606. 
(15) Liljenvall, H. G. M., A. G. The optical properties of silver in the energy range 3.2-4.3 eV as a function 
of temperature. J. Phys. C: Metal Phys. (Suppl) 1970, No. 3 S341. 
(16) Sundari, S. T.; Srinivasu, K.; Dash, S.; Tyagi, A. K. Temperature evolution of optical constants and 
their tuning in silver. Solid State Commun. 2013, 167, 36-39. 
(17) Sundari, S. T.; Chandra, S.; Tyagi, A. K. Temperature dependent optical properties of silver from 
spectroscopic ellipsometry and density functional theory calculations. J. Appl. Phys. 2013, 114. 
(18) Jayanti, S. V.; Park, J. H.; Dejneka, A.; Chvostova, D.; McPeak, K. M.; Chen, X. S.; Oh, S. H.; Norris, D. 
J. Low-temperature enhancement of plasmonic performance in silver films. Opt. Mater. Express 2015, 5, 
1147-1155. 
(19) Yeshchenko, O. A.; Bondarchuk, I. S.; Gurin, V. S.; Dmitruk, I. M.; Kotko, A. V. Temperature 
dependence of the surface plasmon resonance in gold nanoparticles. Surf. Sci. 2013, 608, 275-281. 
(20) Brandt, T.; Hovel, M.; Gompf, B.; Dressel, M. Temperature- and frequency-dependent optical 
properties of ultrathin Au films. Phys. Rev. B 2008, 78. 
(21) Bouillard, J. S. G.; Dickson, W.; O'Connor, D. P.; Wurtz, G. A.; Zayats, A. V. Low-Temperature 
Plasmonics of Metallic Nanostructures. Nano Lett. 2012, 12, 1561-1565. 
(22) Sun, Y. K.; Zhang, X. A.; Grigoropoulos, C. P. Spectral optical functions of silicon in the range of 1.13-
4.96 eV at elevated temperatures. Int. J. Heat Mass. Tran. 1997, 40, 1591-1600. 
24 
 
(23) Etchegoin, P. G.; Le Ru, E. C.; Meyer, M. An analytic model for the optical properties of gold. J. 
Chem. Phys. 2006, 125. 
(24) Etchegoin, P. G.; Le Ru, E. C.; Meyer, M. An analytic model for the optical properties of gold (vol 
125, pg 164705, 2006). J. Chem. Phys. 2007, 127. 
(25) Prokopeva, L. J.; Trieschmann, J.; Klar, T. A.; Kildishev, A. V. Numerical modeling of active plasmonic 
metamaterials. Optical Complex Systems: Ocs11 2011, 8172. 
(26) Vial, A. Implementation of the critical points model in the recursive convolution method for 
modelling dispersive media with the finite-difference time domain method. J. Opt. a-Pure Appl. Op. 
2007, 9, 745-748. 
(27) Chen, K. P.; Drachev, V. P.; Borneman, J. D.; Kildishev, A. V.; Shalaev, V. M. Drude Relaxation Rate in 
Grained Gold Nanoantennas. Nano Lett. 2010, 10, 916-922. 
(28) Park, J. H.; Nagpal, P.; Oh, S. H.; Norris, D. J. Improved dielectric functions in metallic films obtained 
via template stripping. Appl. Phys. Lett. 2012, 100. 
(29) Trollmann, J.; Pucci, A. Infrared Dielectric Function of Gold Films in Relation to Their Morphology. J. 
Phys. Chem. C 2014, 118, 15011-15018. 
(30) West, P. R.; Ishii, S.; Naik, G. V.; Emani, N. K.; Shalaev, V. M.; Boltasseva, A. Searching for better 
plasmonic materials. Laser Photon. Rev. 2010, 4, 795-808. 
(31) Guler, U.; Naik, G. V.; Boltasseva, A.; Shalaev, V. M.; Kildishev, A. V. Performance analysis of nitride 
alternative plasmonic materials for localized surface plasmon applications. Appl. Phys. B-Lasers O 2012, 
107, 285-291. 
(32) Shalaev, V. M. Proceeding of the International School on Quantum Electronics, Erice, Sicily, Italy. 
American Institute of Physics 2-14 July 2000, pp. 239-243. 
(33) Young, C. Y. Frequency and Temperature Dependence of Optical Effective Mass of Conduction 
Electrons in Simple Metals. J. Phys. Chem. Solids 1969, 30, 2765-&. 
(34) Gurzhi, R. N. On the Theory of the Infrared Absorptivity of Metals. Sov. Phys. Jetp-Ussr 1958, 6, 
506-512. 
(35) Lawrence, W. E. Electron-Electron Scattering in Low-Temperature Resistivity of Noble-Metals. Phys. 
Rev. B 1976, 13, 5316-5319. 
(36) Holstein, T. Theory of Transport Phenomena in an Electron-Phonon Gas. Ann. Phys.-New York 1964, 
29, 410-535. 
(37) Beach, R. T.; Christy, R. W. Electron-Electron Scattering in Intraband Optical Conductivity of Cu, Ag, 
and Au. Phys. Rev. B 1977, 16, 5277-5284. 
(38) Lawrence, W. E.; Wilkins, J. W. Electron-Electron Scattering in Transport Coefficients of Simple 
Metals. Phys. Rev. B 1973, 7, 2317-2332. 
(39) Parkins, G. R.; Lawrence, W. E.; Christy, R. W. Intraband Optical Conductivity Sigma(Omega,Tau) of 
Cu, Ag, and Au - Contribution from Electron-Electron Scattering. Phys. Rev. B 1981, 23, 6408-6416. 
(40) Liehr, A. D.; Ballhausen, C. J. Intensities in Inorganic Complexes. Phys. Rev. 1957, 106, 1161-1163. 
(41) Fussgaen.K; Martiens.W; Bilz, H. Uv Absorption of Ag+ Doped Alkali Halide Crystals. Phys. Status 
Solidi 1965, 12, 383-&. 
(42) Vina, L.; Logothetidis, S.; Cardona, M. Temperature-Dependence of the Dielectric Function of 
Germanium. Phys. Rev. B 1984, 30, 1979-1991. 
(43) Christensen, N. E.; Seraphin, B. O. Relativistic Band Calculation and Optical Properties of Gold. Phys. 
Rev. B-Solid St. 1971, 4, 3321-+. 
 
 
 
25 
 
Supporting Information 
Experimental setup: 
To study the temperature dependent optical properties, a heating stage was 
integrated onto our Variable Angle Spectroscopic Ellipsometer (VASE) setup. 
However, at temperatures over 400 - 450 0C the background thermal radiation 
becomes strong enough and saturates the detector. In order to reduce the intensity 
of the thermal radiation reaching the detector a pinhole was introduced in the 
reflected beam path (shown in Figure S1). This pinhole suppresses most of the 
background thermal radiation while allowing most of the reflected light more than 
85 % of the reflected beam intensity) to pass through.  
For all our samples, prior to the temperature dependent measurements a 
calibration was done using a Si/ SiO2 wafer that was purchased from J.A. Woolam 
company. As most of the reflected beam reached the detector (> 85 %), the 
introduction of pinhole didn’t lead to any noticeable difference in the optical 
properties compared to the case where there was no pinhole.  
 
 
Figure S1: Schematic of the experimental setup without (a) and with (b) pinhole in 
the reflected beam path. Introducing the pinhole (b) significantly suppresses the 
intensity of background thermal radiation reaching the detector while still allowing 
most of the reflected beam to pass through. 
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Figure S2: Room temperature dielectric function of the 200-nm-thick poly-
crystalline (a,b) and single-crystalline (c,d) films after each cycle. After the first 
heating cycle the imaginary part reduces (green curves in (a) and (b)) thus 
improving the film quality. But when the film is subjected to subsequent heat cycles 
the imaginary part start to increase, gradually degrading the film quality (blue and 
red curves in (b)).  For the case of single crystalline films, the imaginary part 
increases after each cycle (green and blue curves in (d)). In both the samples the 
real part only changes marginally with repeated heating. 
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Figure S3: Temperature dependence of the imaginary part of the dielectric function 
at 1900 nm wavelength for 50-nm-thick (a) and 30-nm-thick films (b). Depending 
on the temperature range the imaginary part either increase or decreases. 
  
 
Figure S4: AFM images of 50-nm-thick poly-crystalline films. The mean roughness 
(Ra), which represents the average of the deviations from the center plane, after 
the heat treatment (b) increased significantly compared to the same samples 
before heating (a).  
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Figure S5: AFM images of 30-nm-thick poly-crystalline films. Similar to the 50-nm-
thick films the mean roughness (Ra) increased after the heat treatment (b) 
compared to the same samples before heating (a). 
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Figure S6: Optical images of the 50-nm- and 30-nm-thick films. Images before (a) 
and after heating (b) confirm that the 50-nm-thick film has degraded significantly. 
Several cracks can be seen in the film after heating (b). Similar behavior is seen in 
30-nm-thick films (c, d). 
(a) before heating (b) after heating 
 
(c) before heating (d) after heating 
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Figure S7: Computed values of temperature dependent SPP propagation lengths 
and QLSPR 




 
 
 
  using the optical constants of 200-nm-thick poly-crystalline (a,b) 
and single crystalline (c,d) gold films. Legends in Figures (a) and (c) show the color 
coding.  In both cases, the propagation lengths and QLSPR reduce by nearly a factor 
of two compared to the room temperature results when the temperature is raised 
to 500 0C. These results were computed using the third cycle and second cycle 
optical constants for the polycrystalline and single crystalline gold films, 
respectively. 
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Figure S8: Plasma frequency (a) and Drude broadening (b) of the 200-nm-thick 
single-crystalline gold film. The plasma frequency increase monotonically with 
increasing temperature unlike the polycrystalline film where it either increases or 
decreases depending on the temperature range (Figure 6). But the Drude 
broadening increases with increasing temperature similar to the polycrystalline 
film. The red curve is the fit obtained using Eqn (1.10) from the manuscript. 
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Figure S9: Oscillator strengths (a,b), Oscillator dampings (c,d) and Oscillator 
energies (e,f) of 200-nm-thick single crystalline films. The red curve shows the fit 
obtained using the empirical expressions discussed in the Theory section of the 
manuscript. 
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Drude and 2 Critical Point Models 
The Following form of Drude and 2 Critical Point (DCP) model was used to fit the 
VASE data for all the samples: 
2 2
2
1
( )
j ji i
p
j j
j j j j jD
e e
C
i ii
 
The temperature dependent coefficients of the DCP model for different samples 
are shown below. 
Table S1 
200-nm-thick poly-crystalline gold film 
First Cycle 
T  pu  
(eV) 
D  
(eV) 
1C  1  1  
(eV) 
1E
(eV) 
2C  2  2  
(eV) 
2E  
(eV) 
MSE 
23 0C 2.27 8.856 0.0471 2.31 / 4   1.215 3.082 0.226 / 4  0.256 2.625 1.19 
100 0C 2.45 8.863 0.0489 2.28 / 4
 
1.198 3.060 0.224 / 4  0.273 2.620 1.04 
200 0C 2.04 9.113 0.0496 2.64 / 4
 
1.464 3.270 0.395 / 4  0.359 2.631 0.93 
300 0C 2.06 9.012 0.0678 2.49 / 4
 
1.357 3.218 0.371 / 4  0.375 2.607 1.09 
400 0C 2.03 8.978 0.0695 2.56 / 4
 
1.407 3.208 0.375 / 4  0.398 2.599 0.98 
500 0C 1.90 8.959 0.0815 2.54 / 4
 
1.369 3.209 0.394 / 4  0.429 2.578 0.86 
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Table S2 
Second Cycle 
T  pu  
(eV) 
D  
(eV) 
1C  1  1  
(eV) 
1E
(eV) 
2C  2  2  
(eV) 
2E  
(eV) 
MSE 
23 0C 2.33 8.909 0.0421 2.32 / 4
 
1.160 3.080 0.206 / 4  0.235 2.620 1.41 
100 0C 2.24 8.940 0.0460 2.41 / 4
 
1.250 3.124 0.254 / 4  0.277 2.622 1.35 
200 0C 2.23 8.985 0.0542 2.41 / 4
 
1.313 3.171 0.259 / 4  0.332 2.619 1.35 
300 0C 2.04 8.980 0.0618 2.50 / 4
 
1.365 3.211 0.356 / 4  0.362 2.608 1.10 
400 0C 1.93 8.954 0.0720 2.47 / 4
 
1.353 3.213 0.392 / 4  0.403 2.592 1.24 
500 0C 1.66 8.865 0.0857 2.50 / 4
 
1.359 3.233 0.405 / 4  0.432 2.572 0.99 
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Table S3 
Third Cycle 
T  pu  
(eV) 
D  
(eV) 
1C  1  1  
(eV) 
1E
(eV) 
2C  2  2  
(eV) 
2E  
(eV) 
MSE 
23 0C 1.99 8.706 0.0479 2.27 / 4
 
1.205 3.110 0.225 / 4  0.250 2.628 1.51 
100 0C 2.41 8.834 0.0515 2.22 / 4
 
1.205 3.085 0.251 / 4  0.281 2.622 1.34 
200 0C 2.08 8.879 0.0578 2.36 / 4
 
1.307 3.175 0.324 / 4  0.332 2.615 0.96 
300 0C 1.83 8.856 0.0711 2.39 / 4
 
1.301 3.194 0.349 / 4  0.361 2.601 1.08 
400 0C 1.85 8.847 0.0819 2.38 / 4
 
1.320 3.203 0.377 / 4  0.398 2.590 0.98 
500 0C 1.59 8.778 0.0893 2.48 / 4
 
1.368 3.221 0.381 / 4  0.423 2.577 0.90 
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Table S4 
200-nm-thick single-crystalline gold film 
First Cycle 
 
T  pu  
(eV) 
D  
(eV) 
1C  1  1  
(eV) 
1E
(eV) 
2C  2  2  
(eV) 
2E  
(eV) 
MSE 
23 0C 2.64 8.991 0.0534 2.22 / 4
 
1.105 3.062 0.206 / 4  0.235 2.618 1.41 
200 0C 2.27 9.218 0.0725 2.57 / 4
 
1.337 3.258 0.371 / 4  0.334 2.629 1.00 
300 0C 2.52 9.310 0.0712 2.45 / 4
 
1.337 3.277 0.465 / 4  0.391 2.623 0.96 
400 0C 2.13 9.324 0.0805 2.63 / 4
 
1.405 3.352 0.517 / 4  0.426 2.612 0.93 
500 0C 1.79 9.323 0.0898 2.73 / 4
 
1.425 3.400 0.579 / 4  0.469 2.602 0.91 
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Table S5 
Second Cycle 
 
T  pu  
(eV) 
D  
(eV) 
1C  1  1  
(eV) 
1E
(eV) 
2C  2  2  
(eV) 
2E  
(eV) 
MSE 
23 0C 2.82 9.157 0.0535 2.34 / 4
 
1.144 3.079 0.224 / 4  0.246 2.626 1.40 
200 0C 2.33 9.245 0.0707 2.61 / 4
 
1.284 3.210 0.319 / 4  0.312 2.621 0.95 
300 0C 1.91 9.262 0.0746 2.73 / 4
 
1.425 3.351 0.458 / 4  0.384 2.628 0.97 
400 0C 1.92 9.271 0.0809 2.69 / 4
 
1.397 3.336 0.487 / 4  0.416 2.611 0.87 
500 0C 1.67 9.298 0.0875 2.87 / 4
 
1.445 3.374 0.514 / 4  0.450 2.599 0.89 
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Table S6 
50-nm-thick gold film 
 
 
 
 
 
 
T  pu  
(eV) 
D  
(eV) 
1C  1  1  
(eV) 
1E
(eV) 
2C  2  2  
(eV) 
2E  
(eV) 
MSE 
23 0C 1.90 8.800 0.0752 2.54 / 4
 
1.344 3.112 0.245 / 4  0.272 2.641 1.25 
100 0C 2.05 8.876 0.0752 2.57 / 4
 
1.350 3.106 0.250 / 4  0.281 2.633 1.23 
200 0C 1.85 8.927 0.0771 2.67 / 4
 
1.444 3.194 0.327 / 4  0.339 2.631 0.98 
250 0C 1.59 8.713 0.0706 2.54 / 4
 
1.436 3.193 0.335 / 4  0.356 2.622 0.97 
300 0C 1.43 8.449 0.0725 2.25 / 4
 
1.464 3.242 0.406 / 4  0.404 2.614 0.90 
350 0C 1.38 8.365 0.0726 2.24 / 4
 
1.460 3.221 0.390 / 4  0.408 2.606 0.86 
400 0C 2.34 8.683 0.0877 2.26 / 4
 
1.286 3.046 0.289 / 4  0.381 2.589 0.85 
450 0C 2.46 9.002 0.1451 2.45 / 4
 
1.311 3.140 0.346 / 4  0.408 2.594 0.79 
500 0C 2.39 8.949 0.1770 2.18 / 4
 
1.270 3.226 0.488 / 4  0.479 2.585 0.85 
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Table S7 
30-nm-thick gold film 
T  pu  
(eV) 
D  
(eV) 
1C  1  1  
(eV) 
1E
(eV) 
2C  2  2  
(eV) 
2E  
(eV) 
MSE 
23 0C 1.91 8.670 0.0740 2.57 / 4
 
1.318 3.078 0.195 / 4  0.267 2.634 1.10 
100 0C 1.22 8.724 0.0769 2.98 / 4
 
1.899 3.434 0.440 / 4  0.392 2.665 1.09 
200 0C 1.43 8.767 0.0780 2.91 / 4
 
1.619 3.283 0.353 / 4  0.376 2.642 1.10 
250 0C 1.21 8.629 0.0715 2.68 / 4
 
1.674 3.381 0.463 / 4  0.429 2.634 1.08 
300 0C 1.61 8.525 0.0744 2.26 / 4
 
1.448 3.239 0.451 / 4  0.442 2.615 1.04 
350 0C 2.12 8.547 0.0890 2.08 / 4
 
1.302 3.128 0.399 / 4  0.436 2.594 0.97 
400 0C 2.64 8.773 0.152 2.10 / 4
 
1.263 3.131 0.404 / 4  0.451 2.598 0.99 
450 0C 3.69 8.773 0.354 0.68 / 4
 
0.607 3.401 0.977 / 4  0.568 2.621 1.41 
  
 
 
 
